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ABSTRACT 
 
LAY-OUT OF SEISMIC STRENGTHENING OF MALLORCA CATHEDRAL 
 
In the context of the present dissertation, the safety of Mallorca cathedral has been studied. By the 
study of previous documents available related to the subject, this work analyze the safety of the 
structure using the capacity spectrum method (C.S.M) and, after this analysis, a seismic strengthening 
solution will be designed for the of the east façade of the structure.  
The computation of seismic actions is determined by using the dispositions of the seismic codes 
Eurocode 8 - Design of the structures for earthquake resistance – Part 1 (general rule, seismic actions 
and rules for buildings), NCSE-02 (Spanish design code), deterministic and probabilistic scenarios. 
After introducing the capacity method considering the criteria established for each code and scenarios 
(deterministic and probabilistic), the results obtained indicates the safety of the structure. According to 
Lagomarsino’s hypothesis (2003), it is possible to establish the level of damage in the structure 
according with the results obtained. 
It has been found, after studying different collapse mechanism of the east façade, that considering a 
probabilistic scenario with a return period (Tr) of 975 years the level of damage reached is a severe 
one. This damage must be taken under control with a strengthening intervention in order to avoid a 
possible collapse.  The intervention can change the occurred mechanism and increase the safety level 
under seismic actions. 
The strengthening intervention will consider conservation principles relative to non-invasivity, minimal 
intervention, dismantlability and monitorability. 
This thesis will provide a better understanding of the structural performance of the east façade, before 
and after a possible optimal strengthening. 
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RESUMEN 
 
PROPUESTA DE UN REFORZAMIENTO SISMICO DE LA CATEDRAL DE 
MALLORCA 
 
El presente trabajo ha estudiado el nivel de seguridad de la catedral de Mallorca ante cargas 
sísmicas. Mediante el estudio de documentos disponibles relacionados con el tema, ha sido posible 
analizar la seguridad de la estructura utilizando el Método del Espectro de Capacidad  y, después de 
este análisis, poder proponer un reforzamiento sísmico en la fachada este de la estructura. 
El cómputo de las acciones sísmicas es determinado mediante el uso de las disposiciones 
establecidas por el Eurocódigo 8 – Diseño de estructuras resistentes a terremotos – Parte 1, NCSE-
02 (código español), escenarios deterministas y probabilistas. 
Después de la aplicación del método de capacidad considerando los criterios establecidos por cada 
código y escenarios (deterministas y probabilistas), los resultados indican el nivel de seguridad de la 
estructura. Según las hipótesis de Lagomarsino (2003), es posible establecer el nivel de daño en la 
estructura considerando los resultados obtenidos. 
Se ha encontrado, después del estudio de diferentes mecanismos de colapso en la fachada este, que 
considerando un escenario probabilista con un periodo de retorno (Tr) de 975 años el nivel de daño 
alcanzado es severo. Este daño debe ser controlado con un reforzamiento para prevenir un posible 
colapso. La intervención cambiará el mecanismo anterior e incrementará el nivel de seguridad de la 
fachada ante acciones sísmicas. 
El reforzamiento será seleccionado considerando principios de conservación relacionados con la no-
invasión, intervenciones mínimas, desmantelamiento y que pueda ser monitoreada después de su 
aplicación. 
La presente tesis proveerá un mejor entendimiento del comportamiento estructural de la fachada este, 
antes y después de la aplicación de un reforzamiento.   
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1. INTRODUCTION 
1.1 Introduction 
The cultural tourism is one of the most important economic activities around the world. In Europe 
is very common to find a lot of churches and structures with important characteristics in terms of 
historical and cultural values that must be transferred to future generations as an evidence of the 
past civilizations. Thus, it is important to preserve the artistic and historical heritage, not only to 
incentive tourism but also for a cultural sensitivity.  
Before studying the preservation’s techniques, it is necessary to know the causes that lead to the 
damages of the structures. It is very important to analyze the historical structure under seismic 
actions because when they were built, the horizontal forces due to the earthquakes were 
impossible to consider because there were not knowledge about it. 
1.2 Objectives of the thesis 
The objective of the present study is to design an optimal strengthening solution to a well known 
French-Gothic cathedral at Mallorca Island, in order to provide to the structure an adequate 
seismic performance. 
The solution will be assessed using the capacity spectrum method (C.S.M), in order to evaluate 
the safety of Gothic churches under seismic actions. The computation of seismic actions will be 
determined using the dispositions of the seismic codes Eurocode 8 - Design of the structures for 
earthquake resistance – Part 1 (general rule, seismic actions and rules for buildings), NCSE-02 
(Spanish design code), deterministic and probabilistic scenarios. 
 The solution will consider conservation principles relative to non-invasivity, minimal intervention, 
dismantlability and monitorability. 
This thesis will provide a better understanding of the structural performance of the structure before 
and after a possible optimal strengthening. 
A partial objective of the present dissertation is to summarize the background information and time 
to time study of the cathedral that will sustain the interest for the present study.  
1.3 Thesis organization 
The following chapters have been arranged in order to have clear the necessary information to 
apply the Capacity Spectrum Method and, after the evaluation of the safety of the structure, the 
selection of a proper strengthening intervention. 
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The first part of the present dissertation summarizes the background information available of 
Mallorca cathedral. This part is composed by chapter 2, which includes a brief review of the past 
seismicity in Mallorca Island, the history of the cathedral, its structural arrangement and 
geometrical information. The latter is very important in order to implement the analysis and 
evaluate the safety of the construction. 
The second part of the study describes the analysis of Mallorca cathedral developed in the 
present dissertation. In chapter 3 the Capacity Spectrum Method will be explained and the 
demand due to the seismic actions on the structures object of the study will be reported according 
to the European seismic code, the Spanish code, a deterministic scenario and a probabilistic one. 
After introducing the method the main results considering the criteria established for each code 
will be reported. 
In chapter 4 different strengthening techniques done on masonry structures in order to improve 
the seismic behavior will be introduced. The designing of a supposed strengthening technique will 
be introduced in chapter 5. 
Finally, it is necessary to summarize the obtained results and conclusions about them will be 
reported in chapter 6. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Lay-out of seismic strengthening of Mallorca cathedral 
 
 
Erasmus Mundus Programme 
ADVANCED MASTERS IN STRUCTURAL ANALYSIS OF MONUMENTS AND HISTORICAL CONSTRUCTIONS 3 
 
 
 
 
 
 
PART I: STATE OF THE ART 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Lay-out of seismic strengthening of Mallorca cathedral 
 
 
Erasmus Mundus Programme 
4 ADVANCED MASTERS IN STRUCTURAL ANALYSIS OF MONUMENTS AND HISTORICAL CONSTRUCTIONS 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Lay-out of seismic strengthening of Mallorca cathedral 
 
 
Erasmus Mundus Programme 
ADVANCED MASTERS IN STRUCTURAL ANALYSIS OF MONUMENTS AND HISTORICAL CONSTRUCTIONS 5 
2. DESCRIPTION OF MALLORCA CATHEDRAL 
2.1 Introduction 
Mallorca Cathedral was designed in a French-gothic style and until now it has been an attraction to 
researchers for its distinctive architectural characteristics.  The safety of this Cathedral had been 
under research for several occasions, where knowledge of structural aspects and alterations in the 
building are very important to understand the Cathedral behavior.  
This chapter contains a brief description of Mallorca Cathedral, highlighting the most relevant details of 
its history and structural arrangement. How past seismic events in the island has influent in the 
structure is also going to be discussed. 
 
Figure 2.1: External view of Mallorca Cathedral 
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2.2 Description of the building 
Mallorca Cathedral, which construction began in early XIV century, is one of the most imposing 
medieval constructions thanks to the immensity of its interior space and the extraordinary dimensions 
and the extreme slenderness of its structural elements. However, the historical process leading to its 
final lay-out and dimensions is not very well known.  
The cathedral is made from golden limestone from the Santanyi quarries and designed in French 
Gothic style. The main body of the church is set in the middle of a mass of pillars and spires, behind 
which lies the strong buttress reinforced with a double row of flying arches. The bell tower, still 
unfinished today, is 52 meter high with three ogive-arched stories.  
The main facade, which overlooks the Almudaina Palace, fell off during the 1851 earthquake and was 
later completely reconstructed, with the exception of the Renaissance-era door. The port-side facade 
features another door, a true masterpiece of Spanish Gothic called "Mirador portal", or "Puerta del 
Mar". 
The vast airy interior is striking for its large-scale harmonious proportions. It features three naves 
resting on 44-meter tall octagonal pillars, eight chapels each side of the nave, and lacks both transept 
and ambulatory.  
Figures 2.2 to 2.5 show the distribution plan of the interior and sections of the cathedral. In those 
pictures it is possible to notice two parts. The first formed by the main nave at the west, consisting of a 
central nave and two lateral ones. The second part composed by the choir and surrounding chapels, 
including the Trinity Chapel, Royal Chapel, Corpus Christi Chapel and Saint Pere Chapel. The Royal 
Chapel is 25 meter long and 16 meter wide and The Trinity Chapel reveals the ancient tribune of the 
kings of Mallorca and a sort of present-day pantheon.  
It is the cathedral with the world's largest Gothic rose window (13.8m diameter) and a higher height of 
the nave of the Gothic style in Europe. 
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Figure 2.2: Horizontal plan of Mallorca Cathedral 
 
Figure 2.3: Distribution plan of Mallorca Cathedral 
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Figure 2.4: Longitudinal section 
 
 
Figure 2.5: Transversal section 
 
2.3 Structural arrangement 
The cathedral is 120m length and 55m width, consisting of three parts in the longitudinal direction from 
east side to the west side. These are a small apse (Figure 2.3: The Trinity chapel, K), a choir in the 
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shape of single nave Gothic construction (Figure 2.3: The Royal chapel, J) and the main nave 
surrounded by the lateral chapels (Figure 2.3). The main nave is the largest body consisting of the 
choir and limited by the west façade. 
The length of the nave of the main body is 77m and is distributed across seven bays. This main nave 
is again composed of a central nave and two collateral naves surrounded by a series lateral chapel 
built in between the buttresses. The width covered by the naves is 35.3 m, of which the lateral naves 
span is 8.75m each and 19.8 m the central nave. The two collateral naves reach 29.4m at their vaults 
keystone and the central one reaches 43.9m. The lateral naves are covered by pointed vaults of 
simple square plan; however, the central nave is covered by double square plan. 
This scheme is repeated both in all the bays of the naves except in the 5th one (from the choir), due to 
the presence of lateral doors (door of the Mirador and door of the Almoina) which provide it the role of 
a transept. In this bay, the longitudinal span of the vaults is slightly longer. 
The naves are sustained on octagonal piers with circumscribed diameter of 1.6 and 1.7m, and a 
height of 22.7, showing their extreme slenderness (Figure 2.6), reaching a ratio of 14.6 between 
diameter and height. These piers are very slender but composed of good quality of stone pieces. 
The great interior space is possible by the robust external buttressing system provided to the 
construction. The base of the main buttresses is 7.7 m long and 1.5 m wide. Its maximum dimension 
represents a 44% of the span of the central nave. 
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Figure 2.6: View of the interior 
 
Besides the slenderness of the piers, the cathedral presents some peculiar characteristics, such as 
the double battery of almost identical flying buttresses (Figure 2.7), which is more common in buildings 
in northern Europe. These double batteries of flying arches were placed to transfer the lateral thrust 
offered by the central vault towards the buttresses, also these buttresses are used to drain excess 
rainwater from the roof. 
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Figure 2.7: Double battery of flying arches 
The transverse arches of the central and lateral naves are also connected to the buttresses creating a 
diaphragmatic action. This means that they are provided with masonry wall spandrels filling all the 
space to the height of the key. The vaults are filled just with a light structure composed of slender 
stone wallets and slabs. 
The structure of the cross section is complemented with an overload in the form of a pyramid with 
square base over the key of the central vault (Figure 2.8). These overloads are hidden artifices to 
assure the stability of the building. It is normal to find these types of overloads in similar structures, but 
in the case of Mallorca Cathedral these are in more proportion. 
 
Figure 2.8: Pyramid over the key of central vault 
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 A false transept connects the main door in the north and south side of the building. The bell-tower and 
cloister are located next to the northern façade. The vaults are not filled or backed with rubble 
masonry, but just with a light structure composed of slender stone wallets and slabs. 
Recent historical research found that two main different types of stones were used to build the 
masonries of the cathedral. Most of the volume of the walls and buttresses was built by a well-known 
local type of limestone characterized by its very low strength and very easy workability. This type of 
stone has very low compression strength, only about 2 MPa. For the piers, another type of limestone 
was used, with higher compression strength, about 20 MPa.  
2.4 Historical issues 
Mallorca Cathedral, popularly known as “La Seu”, is the principal religious structure in Mallorca Island. 
It has a gothic Levantine style. The Cathedral is near to the sea, on the site of a preexisting Arab 
mosque.  
In 1229, the king Jaime I decided to demolish the mosque and build a great cathedral dedicated to 
Virgin Mary. He did this because during his voyage by sea, his fleet was struck by a storm and he 
promised to her that if he survived he would erect a church in her honor. The construction began in 
1230 and was finished in 1601. 
During the construction of the cathedral, five different periods were distinguished:  
 
First stage: The royal construction (1300-1368) 
The construction started at around year 1300, after king Jaume II (1276-1311) left and important 
legacy in his testament to support the cost of the Chapel of the Trinity. The first architect who was in 
charge of the project was Ponç des Coll. 
In 1311, the works of the following body of the apse began, known as the Real Chapel and it was 
concluded in 1370. 
 
Second phase: The naves (1368-1601) 
There is a theory, based on principles of its construction, which indicates that the cathedral was 
planned to have originally only one nave with the same width of the Royal Chapel, but in the mid-
fourteenth century Guillem Forteza decided to change the project and build three naves. 
  In the mid-fourteenth century the construction of the cathedral continued with the construction of 
three naves. 
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By the year 1400, works of the Cathedral concentrate in the door of the Mirador, in 1498 the “Puerta 
de l’Almoina” was built  and in 1601 the west  façade was finished by Miquel Verger, with which the 
construction sites of the Cathedral were concluded. 
During this phase and according to Domenge (1997) an arc of the central nave fell in April of 1490 
causing serious deterioration. 
 
Third period: 1601-1851 
During this period there were diverse problems in the vaults, so significant alterations were 
implemented in order to solve this problems. In order to have a better understanding of those 
changes, they are exposed in chronological order. 
In 1639 a serious of experts decided to dismantle and rebuild the major vault close to the façade. In 
1655 the greater arc of the main nave and the first northern flying buttress were considered necessary 
for remake. An arch felt down in 1659, but there was no specification of the location of the arc. At the 
end of 1660, Palma de Mallorca underwent an earthquake of degree VII and suffered the failure of two 
arcs near the façade. This could be also a possible cause of the out of plumb of the façade. In 1679 it 
was notified that the west façade displayed an out-of-plumb of four handspans (80cm). After the 
reconstruction due the collapse in 1698, the second bay collapsed again in 1699. After this event, the 
architect recommended the reconstruction of a set of the naves’ vaults, this was carried out during 
XVIII century. In the nineteenth century (1851) Palma de Mallorca was struck by an earthquake of 
intensity between VII and VIII, causing the destruction of the main façade, which already had problems 
of deterioration. The movement did not have greater effect on the rest of the building. 
 
Fourth Period: The reconstruction (1851-1888) 
In 1851 the works of dismantling the façade (Figure 2.9) began under the supervision of architect 
Antoni Sudera and lasted for six months. Following him, the work of design and reconstruction of the 
new façade started with architect Peyronnet Baptist. He laid-out a very different neo-Gothic façade 
(Figure 2.10b) in place of the old façade (Figure 2.10a). The sections of the buttresses of the new 
façade were significantly increased. The reformation finished in 1888. 
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Figure 2.9: Dismantling of the western façade 
         
(a)                                                                        (b) 
Figure 2.10: Western façade. (a) Original view before.  (b) New façade after reconstruction 
 
Fifth Period: Reforms 1888-2002 
Antonio Gaudi between 1904 and 1914 in association with other architects carried out a series of 
interventions.  
During last decades, the building has been subjected under continuous repairs and maintenance 
works. A recent restoration has been done on the western façade and in the towers. 
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2.5 Past seismicity in Mallorca 
According to researches Giménez and Gilbert, Mallorca Island must be considered with low seismicity. 
The Instituto Geografico Nacional (IGN) of Spain seismic catalogue accounts three I(intensity) > VI 
earthquakes since 1660, but only two can be considered tectonic earthquakes.  
The first, felt with an intensity VII in the southern part of the island, took place in 1660 and was 
followed by three I = III to I = IV aftershocks. The second one, with an intensity of VIII at Palma de 
Mallorca city and the surrounding localities, was in 1851 and was followed by 18 aftershocks. These 
aftershocks were ranging between the intensities I = III and I = V, and extending for more than one 
year.  
Seismic activity during the XX century was low, with only one I=V earthquake. Discrete events 
occurred in two well defined periods: (A) 1919-1923 and (B) 1995-1996. The first period (A), 68 years 
after the 1851 event, was initiated by I = V and terminated with I = III event. During the second period 
(B) only I = II - III intensities were produced by 3.3 to 2.6 mb shallow earthquakes. No earthquake with 
mb>3.5 were recorded. 
The damage suffered by the cathedral in two earthquake event (1660 and 1851) were well 
documented and are the proof of the earthquake studies done in present. There had been a low 
intensity earthquake in 1721. No structural damage of the cathedral was documented, meaning that 
the earthquake left no impact on the island. More over there are no documentations of restoration for 
any seismic event in the twentieth century.  
2.6 Past studies on Mallorca Cathedral 
2.6.1 Introduction 
 
Until the present, several studies of Mallorca Cathedral have been performed. But it is important to 
state that compared to its long duration construction period, the history of analysis performed on this 
Cathedral is relatively new.   These studies tried to understand the structural behavior of the building 
and to assess, somehow, its safety. These include the following studies: 
2.6.2 Martinez (2008) 
 
Martinez studied the seismic vulnerability of historical buildings with two different levels of assessment. 
The first method is based on vulnerability indexes, which gives the expected damage level and the 
associated probability of occurrence. The second method is the capacity spectrum method, which 
requires first a detailed analysis of different macroelements of the building, followed by assessing the 
vulnerability by an estimation and analysis of capacity-demand curves.  
He found that for an earthquake with a return period of 475 years there is a 33% probability of low 
damages and 35% probability associated with moderate damage for an earthquake with 975 years of 
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return period. Regarding the seismic demands considered by Martinez, the seismic hazards scenarios 
developed were the most probable (deterministic and probabilistic).  
The main façade of the Cathedral has the best lateral seismic capacity and the lowest capacity 
corresponds to the longitudinal macroelement of the building. This condition is due to sudden changes 
of stiffness in plan and elevation and there is also low resistance to seismic shear forces. 
In the transversal direction, there are more damages in the transept because it has more longitude 
than the typical transversal bay. Also in this direction there is a 95 to 97% of probability to have low 
damages. In the longitudinal macroelement of the building there is a 92 to 95% of probability to have 
moderate damages. In summary, Martinez stated that Mallorca Cathedral is an earthquake-resistant 
building, which can develop a good seismic behavior for the possible seismic demands that can occur 
in Mallorca Island. 
 
2.6.3 Das (2008) 
 
Das performed a structural analysis of a single bay of Mallorca Cathedral (Figure 2.11) with the help of 
finite elements, in order to represent suitably a complex historical structure. The main aim of the 
analysis was to verify the applicability of these tools under gravitational and seismic loading.  
 
            (a)                                                               (b) 
Figure 2.11: Geometry of the bay of Mallorca Cathedral.(a)Transversal section.(b) Isometric view 
Das used a model with modified modulus of elasticity that reproduced good dynamic property of the 
structure, similar than obtained for the global model prepared by Martinez. The first mode frequency 
found was 1.09 (unit rad/sec) and the mass participation factor was 80.09%.  
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Table 2.1 shows a summary of different analysis performed with different applied loads and results 
obtained from each analysis. 
Analysis 
% load factor 
(*) 
Collapse due to 
displacement 
(mm) 
Gravity load applied till 
collapse 
1.62 
Tensile and compressive damage at: the base 
of the large window inner side, clerestory wall 
and the base of the abutment outer side. 
  
Seismic analysis: applying 
step by step increment 
load proportional to mass  
5.6 
Severe tensile damage at: the base and top of 
the large windows, lateral vault and wall above 
it, central vault and battery of flying arches. 
40 
Seismic analysis: applying 
force according to first 
mode at the representative 
points  
8.74 
All parts of the structure underwent severe 
tensile damage but minor compressive 
damage at the base and at the battery of flying 
arches. 
47 
    (*) in terms of existing gravity  load 
 
  Table 2.1: Summary of different analysis of Mallorca Cathedral’s bay 
In order to find the displacement demand corresponding to earthquake demand acceleration, the 
capacity spectrum method was applied by Das. The earthquake used for this analysis had a peak 
ground acceleration of 0.048g with a return period of 475 years. The displacement demand of the 
structure was Sd= 0.0245m at an acceleration of Sa= 0.081g. The intersection of the demand 
spectrum with the capacity spectrum showed that the cathedral will have a good resistance with a 
safety factor of 1.079 during this kind of earthquake action. Parts like battery of the flying arches, 
central vault, outer side of the abutments and bottom of the clerestory wall underwent to tension 
damage, but compressive damage was very insignificant. Das’ results proved that after removal the 
demand displacement, the structure will retain a deformation (3.8%) but more or less following a linear 
elastic path. 
2.6.4 Cuzzilla (2008) 
 
Cuzzila applied Limit Analysis and Capacity Spectrum Method in order to have a better understanding 
of the seismic behavior of Gothic structures, such as Mallorca Cathedral. The safety factor and level of 
damages in the structures were studied taking into account the European seismic code (EC8) and the 
Spanish seismic code (NCSE-02).  
After comparing both seismic codes (Figure 2.12), he found that the EuroCode 8 increases the 
demand on the structures and the gap between the capacity and the demand is lower than the 
Spanish design code, obtaining lower values of safety factor. Instead, the level of damages introduced 
for each mechanisms are very similar. 
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Figure 2.12: Comparison between the ADSR graphs using the EC8 and NCSE-02 using the PGA=0.04g 
 
After analyzing different collapse mechanisms of the principal façade (Figure 2.13) and a typical 
transept (Figure 2.14) of Mallorca Cathedral, Cuzzilla stated that it is possible to increase the safety 
level or reduce the possible damages due to seismic action, but this is useless considering the state of 
conservation of the structures and the costs to realize a proper strengthening system.  
 
Figure 2.13: Example of collapse mechanism on Mallorca Cathedral 
Lay-out of seismic strengthening of Mallorca cathedral 
 
 
Erasmus Mundus Programme 
ADVANCED MASTERS IN STRUCTURAL ANALYSIS OF MONUMENTS AND HISTORICAL CONSTRUCTIONS 19 
 
Figure 2.14: Typical transept of Mallorca Cathedral 
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3. EVALUATION OF SEISMIC SAFETY OF MALLORCA CATHEDRAL 
3.1 Introduction 
Historical structures are very different from each other in terms of construction’s techniques and 
arrangement. Due to this reason, the seismic safety evaluation is subjected to several unknown 
parameters and conditions. Moreover the masonry historical structures were built without taking into 
account the horizontal action due to the seismic actions and the structural behavior of the structure 
was not taken into account. Their constructions were based on not very scientific and accurate 
methods, so the assessment of seismic safety of these structures is very important. 
The safety factor gives information about the comparison between the seismic action demand and the 
capacity of the structure under a particular load pattern. In fact, if the value is more than one, it is 
possible to say that the structure is safe. Another parameter provides information about the level of 
damage that can occur on the structure under a given load conditions, this is connected to the 
previous parameter because low safety factors leads to high level of damage and vice versa. 
3.2 Capacity spectrum method for evaluation of the safety of the monuments 
Nowadays, the seismic performance of a building can be obtained from linear or non-linear analysis 
techniques. One of the most used techniques is the non-linear static analysis called Capacity 
Spectrum Method (Figure 3.1), which compares the capacity of the structure to resist lateral loads with 
the demand of an earthquake in a specific area.  
 
 
Figure 3.1: Capacity Spectrum Method (CSM) 
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The main objective of this method is to study the relation between architectural and structural 
characteristics of historical buildings, in order to determine the safety factor of the building.  
Different studies highlighted that the seismic behavior of different kinds of structures can be analyzed 
resolving the whole construction in smaller portions, named macroelements, because of their 
autonomous seismic behavior.  
Some possible macroelements proposed by an Italian committee (Lagomarsino, 2003) are shown in 
the following Figure 3.2. 
1.  FACADE OVERTURNING 
 
     
2. OVERTURNING OF THE UPPER PART OF 
THE FACADE 
     
 
3.  IN PLANE MECHANISM 
     
4. TRANSVERSAL VIBRATION OF THE NAVE 
 
 
 
5. LONGITUDINAL RESPONSE OF THE NAVE 
 
6. DOME OF THE CENTRAL NAVE 
 
7. DOME OF LATERAL NAVES 
 
8.  TRIUMPHAL ARCHES 
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9.  VAULT OR CIMBORIO 
 
 
10.  OVERTURNING OF EXTREME WALLS 
    
 
11.  APSE OVERTURNING 
 
     
12.  DOME OF THE APSE 
 
 
13.  SHEAR MECHANISMS IN WALLS 
 
14.  ROOFING SYSTEM 
    
 
 
 
15.  ABSENCE OF CONTINUITY IN WALLS 
     
16.  MECHANISM IN THE TOWER 
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17.  UPPER PART OF THE TOWER 
   
 
   
 
 
18.  MECHANISMS IN THE PINNACLES OR 
STATUE 
        
 
Figure 3.2: Macro-elements for churches proposed by Lagomarsino (2003). 
 
The first step for application of capacity spectrum method on historical buildings is to identify the 
damages and the mechanisms of collapses of parts of the building (macro-elements) and then 
compute the capacity curves related to these macro-elements. 
With the help of the capacity curve, by means of a graphical procedure (Figure 3.1), it is possible to 
estimate the displacement demand that the design earthquake will produce on the building. Due to this 
displacement, the structure will experience a certain damage considered the representative damage of 
the building when the structure is subjected to the design level ground shaking. 
The capacity curve describes the state of the structure under gradual increase of displacements, until 
reaching the ultimate condition.  
The demands of the earthquake ground motion are defined by highly damped elastic spectra. The 
Acceleration-Displacement Response Spectrum (ADRS) format is used, in which spectral 
accelerations are plotted against spectral displacements.  
The intersection of the capacity spectrum and the demand spectrum provides an estimate of the 
inelastic acceleration and displacement demand. 
3.2.1 Capacity curve 
The capacity curve can describe the global behavior of the structure only in case of a particular 
monumental typology, thus, it is necessary to study the plastic hinges and sliding planes position in 
order to evaluate the collapse mechanisms of the selected macroelement of the structure.  
The macro-elements have to be loaded with vertical and horizontal forces. The horizontal forces are 
proportional to the vertical load through the coefficient . 
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It is possible to obtain the capacity curve of the macro-elements of the structure considering limit 
analysis, using the cinematic approximation. This curve is a decreasing one that relates the forces 
with the imposed displacement of the structure, using the principal of virtual work.  
The limit analysis is based on three main hypotheses:  
No-tensile strength of masonry; 
Unlimited compressive strength; 
No sliding between rigid blocks. 
Considering these three main hypotheses and using the principal of virtual work (Eq. 3.1), it is possible 
to evaluate the coefficient o corresponding to the loose of the macro-element equilibrium. 
 
    (Eq. 3.1) 
 
 
where: 
n is the total number of the dead load applied to the different rigid blocks; 
m is the number of weight forces no directly acting on the blocks, but whose masses, due to the 
effect of the seismic action, generate horizontal forces; 
o is the number of external forces applied to the blocks but not related to the masses; 
Pi is the generic weight force; 
Pj is the generic weight force no directly applied on the blocks; 
x,i is the virtual horizontal displacement for Pi; 
x,j is the virtual horizontal displacement for Pj; 
y,i is the virtual vertical displacement for Pi; 
Fh is the generic external force applied on the block; 
h is the virtual displacement for Fh; 
Lfi is the work done by the internal forces. 
The capacity curve has to be developed until reaching the value of the coefficient equal to zero 
(dk0), increasing the displacements up to the collapse mechanism occurs (Figure 3.3). The loose of 
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the equilibrium does not correspond to the ultimate condition of the structure, because the structure 
has capacity to support several horizontal actions even after the mechanisms activation. 
In order to represent the capacity curve, an incremental cinematic analysis can be carried out. It is 
necessary to consider different configurations and take into account the displacement’s increment of a 
selected control point k, named dk. Changing the configurations, it is possible to obtain the coefficient 
i using the general formulation (Eq. 3.1) obtained by the principal of virtual work. 
The increment of displacements leads to a decrease of the stabilizing moment, thus, the capacity 
curve is represented by a gradual decrease of linear function, described with the following equation 
(Eq. 3.2): 
      (Eq. 3.2) 
 
Figure 3.3: Collapse mechanism – Capacity curve 
 
3.2.2 Capacity spectrum 
The capacity spectrum method requires the transformation to a single degree of freedom (SDOF 
system) of the capacity curve in order to compare it with the demand curve using the same scale. 
It is necessary to find a capacity curve of the equivalent oscillator, by means of the relation between 
the spectral acceleration and the displacements, namely a* and d*. 
The participation mass of the cinematic mechanism M*, can be defined using the equation 3.3:  
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             (Eq. 3.3) 
where: 
-  m is the number of applied forces Pi whose masses generate horizontal forces due to the seismic 
action; 
- xi is the virtual horizontal displacement of the point of application of Pi forces. 
The seismic spectral acceleration o* related to the coefficient , the gravity acceleration g and the 
fraction of the participating mass of the mechanism e* can be determined by: 
 
          (Eq. 3.4a) 
                                  (Eq. 3.4b) 
The spectral displacement can be obtained using the equation 3.5:  
 
                (Eq. 3.5) 
 
where: 
n, m, Pi, xi have been defined in the previous formulation; 
x,k is the virtual horizontal displacement of the chosen reference point k. 
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Therefore, the capacity curve has the following formulation (Eq. 3.6):  
                   (Eq. 3.6) 
 
where:  
d*o is the spectral displacement of the equivalent system related to the displacement dko. 
The verification of the structure is based on two points: 
- Damage limit state: from the spectral acceleration a*o related to the activation of the 
mechanisms; 
- Ultimate limit state (d*u): the collapse can be assumed equal to 40% of the displacement dk0.  
In order to find the elastic branch of the capacity curve it is necessary to know three parameters: 
- a*s : acceleration corresponding to the yielding condition; 
- d*s: displacement corresponding to a*s acceleration: d*s = 0.40(d*u) 
- T*s: secant period, represent the inclination of the elastic branch of the capacity curve. 
In order to obtain a*s, it is necessary to substitute d* by d*s in equation 3.6.  
The secant period will be obtained applying the equation 3.7:  
T*s = 2√(d*s/a*s)                    (Eq. 3.7) 
Figure 3.4 is an example in order to explain all the values obtained using the procedure explained 
before:  
 
Figure 3.4: Representation of all the parameters evaluated to know the capacity curve 
Lay-out of seismic strengthening of Mallorca cathedral 
 
 
Erasmus Mundus Programme 
ADVANCED MASTERS IN STRUCTURAL ANALYSIS OF MONUMENTS AND HISTORICAL CONSTRUCTIONS 29 
The T*s line represents the elastic branch of the capacity curve. The intersection between T*s line and 
the capacity curve represent the elastic limit, in which the behavior changes from elastic to inelastic. 
This point is characterized by two values, horizontal coordinate (d*s, elastic displacement) and vertical 
coordinate (a*s, acceleration corresponding to the elastic limit). 
3.2.3 Elastic demand spectrum 
The seismic hazard of an area is the seismic demand that structures situated in that area will 
experience. The hazard can be established by the site spectrum, which is represented in function of 
the maximum ground acceleration and the structural period. 
Thus, the demand spectrum is the response spectrum of the site (for a specific critic damping 
percentage), expressed in function of spectral displacements instead of the structural period. The 
conversion from response spectrum (Sa,T) to a demand spectrum (Sa,Sd) is obtained by defining the 
period of vibration: 

2
T                       (Eq. 3.8) 
Where  is the natural circular frequency of the system, which can be determined by the following 
equation:     
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Where K is rigidity and m is the mass of the structure. 
By definition of rigidity, the applied force is equal to: 
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K             (Eq. 3.10) 
Applying second Newton’s law: 
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Replacing (Eq. 3.11) in (Eq. 3.9): 
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Finally the spectral displacement is: 


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T
SS ad                                          (Eq. 3.13) 
With equation 3.13 it is possible to transform the structural period to spectral displacements obtaining 
the elastic demand spectrum (Figure 3.5) 
 
Figure 3.5: Elastic demand spectrum 
 
3.2.4 Demand spectrum 
The demand spectrum is usually computed for 5 percent damping, being representative for a waist 
majority of structures. Additionally the system will be affected by other type of damping, produced by a 
complex friction-micro cracks phenomenon between different elements of the structure, which is 
known as hysteretic damping.  
The hysteretic damping is associated to the dissipation energy caused by load-unload cycles imposed 
by an earthquake, so the demand spectrum has to be modified in order to take into account both types 
of damping. 
A general procedure for developing demand spectrum assumes: 
STEP 1: Calculation of elastic, 5 percent damped, site-specific demand spectrum for selected period 
range or a set of discrete period values; 
STEP 2: For buildings with elastic damping radically different than 5 percent, the 5 percent damped 
site-specific demand spectrum should either be modified, or a new elastic spectrum calculated by 
considering the proper damping ratio; 
STEP 3: Conversion of elastic demand spectrum in AD format. 
STEP 4: Reduction of elastic AD demand spectrum to account for developed nonlinearity 
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The acceleration spectrum [Sa(T)] and the displacement spectrum [Sd(T)] for an inelastic SDOF 
system of a bilinear force-deformation relationship are defined as (Vidic et al., 1994): 
R
Sae
Sa                                                      (Eq. 3.14) 
Sa
T
Sae
R
Sde
R
Sd
2
2
4

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
           (Eq. 3.15) 
where: 
μ is the ductility factor, defined as the ratio between the maximum displacement and the yield 
displacement;  
Rμ is strength reduction factor due to ductility, counting for hysteretic energy dissipation of ductile 
structures. 
For selected damping ratio and predefined ductility, the Rμ factor converts the elastic response 
spectrum [Sae(T)] to the corresponding nonlinear one [Sa(T)]. Since Sa(T) or Sd(T) are defined for 
predefined value of μ, they are often referred as constant ductility spectra. 
A bilinear representation of the strength reduction factor Rμ can be: 
1)1( 
CT
T
R                            CTT                                                       (Eq. 3.16) 
 R                                            CTT                                                        (Eq. 3.17) 
where TC is the characteristic period of the ground motion, defined as the transition period where the 
constant acceleration segment of the response spectrum passes to the constant velocity segment. 
  
3.2.5 Displacement demand 
The AD format allows the demand spectrum to be “overlaid” on the buildings’ capacity spectrum. The 
intersection of the demand and capacity spectra is seismic demand from the structure. From Figure 
3.6 it is possible to obtain the displacement demand of the earthquake. 
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Figure 3.6: Intersection between Capacity curve and Demand curve 
3.3 Evaluation of the demand of the structure under seismic actions 
according to European      seismic code – EC8 
Mallorca Cathedral is situated in Baleares Island, which is not prone to heavy earthquakes like other 
parts of the world. The Eurocode 8 provides three different soil typology described by the stratigraphic 
profiles, and parameters that may be used to account the influence of local ground conditions on the 
seismic action. 
The following studies have been carried out considering the worst soil mechanical properties, in order 
to have maximum amplification of the seismic effect. The soil type B represents the soil with worst 
mechanical properties. Taking into account Martinez’ PhD-thesis it is possible to state that Mallorca 
Cathedral has a value of peak ground acceleration (PGA) equal to 0.06g.    
According to European seismic code (EC8) for the horizontal components of the seismic action, the 
elastic response spectrum Se(T) is defined by the following expressions (Eq.3.18 to Eq. 3.21): 
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where: 
Se(T) is the elastic response spectrum, 
T is the vibration period of a linear single-degree-of-freedom system, 
ag is the design ground acceleration,  
TB is the lower limit of the period of the constant spectral acceleration branch, 
TC is the upper limit of the period of the constant spectral acceleration branch, 
TD is the value defining the beginning of the constant displacement response range of the spectrum, 
S is the soil factor, 
η is the damping correction factor with a reference value of η = 1 for 5% viscous damping. 
The following graph (Figure 3.7) represents the elastic response spectrum of soil type B considering 
the following parameters and relations before mentioned: 
 
 
S  K1 K2 TB TC TD ag = a*g 
B 1 2.5 1 2 0.15 0.6 3 0.589 1 
Table 3.1: Values adopted by the EC8 to compute the spectral acceleration 
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Figure 3.7: Representation of the elastic spectrum for soil type B 
 
Considering the parameters before listed and the soil type B, the ADSR (Acceleration-Displacement 
Response Spectra) graph is modeled and has the following shape: 
 
Figure 3.8: Representation of the ADSR graph considering the soil type B 
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3.4 Evaluation of the demand of the structure under seismic actions 
according to Spanish      seismic code – NCSE-02 
The formulations used in order to calculate the spectral acceleration are reported below: 
Si T < TA                             (T) = 1 + 1,5*T/TA               (Eq. 3.22) 
 Si TA ≤T ≤TB                 (T) = 2,5                            (Eq. 3.23) 
Si T > TB                             (T) = K*C/T                        (Eq. 3.24) 
where: 
(T) is the elastic response spectral value, 
T is the period of the oscillator in seconds,  
K is the contribution factor,  
C is the ground factor,  
TA , TB are characteristics periods of the response spectrum: 
TA = K C/10                          (Eq. 3.25) 
TB = K C/2,5                         (Eq. 3.26) 
All the values are depicted in Table 3.2 and an acceleration of 0.06g has been used: 
 
 
ab = a*g  C S ac K TA TB 
A 0.589 1.3 2 1.6 1.224 1 0.2 0.8 
Table 3.2: Values adopted by the NCSE-02 to compute the spectral acceleration 
 
The seismic acceleration for calculation is defined by equation 3.27: 
ac = S**ab                             (Eq. 3.27) 
where: 
ab is the basis seismic acceleration, 
 is the adimentional risk seismic factor. For buildings with a special importance is equal to 1.3, 
S: amplification ground factor. For *ab ≤ 0.1g, S=C/1.25 
                       
Lay-out of seismic strengthening of Mallorca cathedral 
 
 
Erasmus Mundus Programme 
36 ADVANCED MASTERS IN STRUCTURAL ANALYSIS OF MONUMENTS AND HISTORICAL CONSTRUCTIONS 
The shape of the response spectrum is described in Figure 3.9: 
 
Figure 3.9: Spectral acceleration graph in according to the NCSE-02 
 
The ADSR graph obtained is shown in Figure 3.10: 
 
 
Figure 3.10: ADSR graph according to the NCSE-02 
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3.5 Evaluation using probabilistic and deterministic spectrum determined by 
Martinez 
The seismic codes of each country obtain the seismic effect by using an elastic spectrum of pseudo 
accelerations. Most of the time this spectrum is calibrated considering the overstrength of an 
edification, which represent a problem for historical buildings because it is not applicable for the latter.   
Another problem that appears is that seismic codes only consider design spectrums with return 
periods of 475 years, and this is not adequate for ancient buildings, which can be consider for longer 
return periods (975 years). 
Thus, it is convenient to obtain the spectrums with a particular method for a specific localization of the 
building. A very important tool in order to determine this is the seismic hazard studies. 
There are two types of analysis for the evaluation of the seismic hazard, the deterministic and 
probabilistic types. The deterministic approximation is based on the fact that the historic seismicity of a 
region is enough, in order to obtain the seismic hazard. The probabilistic approximation is based on 
seismicity and tectonic seismicity of the zone, in order to obtain a seismic threat associated to a 
certain probability of occurrence (Cornell, 1968). 
More comprehensive information regarding the deterministic and probabilistic types of analysis had 
been presented by Martinez (2008).  
3.5.1 Deterministic analysis of the seismic hazard on the site  
 
The deterministic scenario to consider, according to Martinez, is indicated in Table 3.3. 
Date Latitud N Longitud E OI  LM  
Epicentral distance ( R ) 
(km) 
1428/02/02 42º 18’ 2º 20’ IX-X 6.4 304.5 
1448/05/25 41º 38’ 2º 24’ VII-VIII 5.4 230.1 
1851/05/15 39º 36’ 2º 48’ VIII 5.4 13.0 
2003/05/21 36º 48.6’ 3º 49.8’ - 6.7 324.7 
Table 3.3: Earthquakes used for the deterministic scenario 
The Magnitude-Intensity relation used corresponds to Secanell proposal (1999) for Catalonia, 
indicated in the following table: 
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Profundidad (km) Relación OI - LM  
5-10 20.152.0  OL IM  
10-15 50.152.0  OL IM  
15-20 80.152.0  OL IM  
Table 3.4: Magnitude-Intensity relation for Catalonia 
 
After obtaining the maximum probable magnitudes and the epicentral distances of the earthquakes 
that are from the deterministic scenarios, it is necessary to analyze the effect of those events on the 
site of study. Therefore, it is common to use attenuation relations elaborated from seismic information 
of the site.  
These attenuation relations relate magnitude and epicentral distance, with the acceleration or 
maximum velocity of the ground. Martinez used attenuation relations defined by Ambraseys (1996): 
PSCSCrCMCCaLog SSAA  )log()( 42
'
1                                             (Eq. 3.28) 
where: 
a is the horizontal acceleration, 
r : distance to the source, 
AS  and SS  are ground parameters,  
 :  standard deviation of )(aLog  
,,,,, 42
'
1 SA CCCCC  and 0h  are parameters tabulated in terms of period (Martinez, 2008)  
Using equation 3.28, considering a soft soil and medium values for P, it is possible to obtain 
spectrums (with 5% of critic damping) indicated in Figure 3.11. 
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Figure 3.11: Mallorca Cathedral spectrums (deterministic scenarios), according to Ambraseys 
attenuation law (2006) 
 
3.5.2 Probabilistic analysis of the seismic hazard on the site  
Most of the engineering problems use quantitative measures. Thus, there is a possibility to manipulate 
a great number of situations in a deterministic way, which is only possible if it is well known the 
behavior of the different variables associated to the phenomenon.  
The uncertainty related principally to the occurrence of earthquakes is enormous, because the 
information available until now is practically null. The development of instruments that register 
earthquakes is relative recently, comparing with seismic activity during past geologic ages.  
Thus, it can be concluded that the deterministic analysis in order to estimate the seismic hazard on a 
site is not the most adequate. Therefore it is necessary to proceed with a probabilistic analysis, 
defining numeric variables which specific values cannot be predicted with certainty before the event 
occurs. These variables are known as aleatory variables, and the definition of its behavior is by their 
probabilities law. 
The probabilistic estimation of the seismic hazard for Mallorca cathedral in terms of spectral 
acceleration values was determined by Martinez (2008). He also used the attenuation relation 
proposed by Ambraseys (1996). 
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Figure 3.12 shows the response spectrums of uniform hazard obtained by Martinez for Mallorca 
cathedral on rock. These spectrums were obtained considering the same probability of exceedence 
and 5% of critical damping.  
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Figure 3.12 Response spectrums of uniform hazard on firm soil, for return periods Tr= 475 and 975 
years. 
 
Figures 3.13 and 3.14 show the accelerometric registers obtained and the response spectrums for  
Mallorca cathedral on soft soil, with 5% of critical damping and for return periods (Tr) of 475 and 975 
years.  
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(a)                                                                 (b) 
Figure 3.13: Accelerometric register (a) and Site spectrums (b), with Tr = 475 years 
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(a)                                                                 (b) 
Figure 3.14: Accelerometric register (a) and Site spectrums (b), with Tr = 975 years 
 
3.5.3 Softening of the spectrum on the site 
Because there is a lot of uncertainty regarding dynamic properties of Mallorca cathedral, in order to 
apply the capacity spectrum method, the softening of site spectrums obtained before is necessary. 
This was done taking into account criteria established by Eurocode 8 (EC-8). 
Finally, Figure 3.15 shows the deterministic demand spectrum considering soil type B for the 
earthquake of June 15
th
 1851. The probabilistic demand spectrums for Mallorca cathedral are shown 
in Figure 3.16, for return periods of 475 and 975 years. All of these spectrums were calculated with 
5% of critical damping. 
 
(a) 
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(b) 
Figure 3.15: (a) Elastic demand spectrum and (b) ADSR graph considering a deterministic scenario 
(earthquake 15/05/1851) for a soil type B in function of gravity. Martinez PhD-Thesis 
 
 
(a) 
Lay-out of seismic strengthening of Mallorca cathedral 
 
 
Erasmus Mundus Programme 
ADVANCED MASTERS IN STRUCTURAL ANALYSIS OF MONUMENTS AND HISTORICAL CONSTRUCTIONS 43 
 
(b) 
Figure 3.16: (a) Elastic demand spectrum and (b) ADSR graph considering a probabilistic scenario in 
function of gravity, for return periods (Tr) of 475 and 975 years 
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3.6 Comparison between the response spectrum and ADSR graph obtained 
using the codes before described 
In order to have a possible comparison between the Eurocode 8 and NCSE-02, the same ground 
mechanical properties established in the EC8 have been considered. 
The five spectrums (EC-8, NCSE-02, deterministic and probabilistic) have been put together in the 
same chart to get easier the comparison between them and highlight the differences in terms of 
spectral accelerations and ADSR graphs. 
 
 
Figure 3.17: Comparison between the spectral acceleration graphs using the EC8, NCSE-02, 
deterministic and probabilistic scenarios 
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Figure 3.18: Comparison between the ADSR graphs using the EC8, NCSE-02, deterministic and 
probabilistic scenarios 
 
In both cases it is possible to see the higher values reached using the probabilistic scenario with a 
return period (Tr) of 975 years.   
This was expected because the probabilistic scenario has more data in order to obtain the demand 
spectrum on the site where Mallorca cathedral is located. Also the Eurocode 8 and the Spanish code, 
as most of seismic codes in the world, are oriented to be used for modern buildings considering its 
overstrength. 
 Comparing the probabilistic spectrums with return periods of 475 and 975 years, it is possible to see 
that the higher values are obtained with longer returns of periods (975) and that is why for historical 
buildings it is not recommended to use spectrums from seismic codes, which consider only return 
period of 475 years.  
Between EC-8 and NCSE-02 it is possible to state that the European code is more conservative than 
the Spanish code, having higher spectral accelerations: 
Sa(T) = 0.15g [EC-8]    while   Sa(T) = 0.123g [NCSE-02] 
3.7 Identification of damage grades 
The value of the spectral displacement obtained from using the previous method will be compared 
with the ultimate displacement of the structure in order to assess the safety of the macro-element 
being studied. 
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It is possible to establish the level of the damage, using the same value, according to Lagomarsino’s 
hypothesis (2003). 
When the spectral capacity curve is known, it is possible to identify four different regions (Figure 3.19) 
that represent the level of the damages and are evaluated using the formulation reported below. 
 
Figure 3.19: Different level of damages 
 
Lagomarsino established five different levels of the damages that is possible to have on the structure 
and are reported in the following Table 3.5:  
Label of 
damages Spectral displacements Damages description 
D0 Sd ≤ 0.7Sd*s no damage 
D1 0.7Sd*s ≤ Sd ≤ Sd*s lightly damage 
D2 Sd*s ≤ Sd ≤ 0.25Sd*o moderate damage 
D3 
0.25Sd*o ≤ Sd ≤ 
0.5Sd*o 
extensive and severe 
damage 
D4 Sd > 0.5Sd*o 
completely damage or 
collapse 
Table 3.5: Level of damages, its formulation and descriptions 
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Using this method it is possible to be aware about the damages that can occur on the selected macro-
element when seismic actions are applied on the structure. 
The procedure before mentioned will be applied for all the design rules explained before (Eurocode 8 
(EC-8), NCSE-02, deterministic and probabilistic scenarios), in order to make a final comparison 
among the obtained results. 
3.8 Discussion of results obtained and identification of strengthening needs 
In the present item the results obtained using the C.S.M. will be reported for all the different macro-
elements considering the east façade of Mallorca cathedral, taking into account five different design 
rules. 
 
Figure 3.20: Mallorca Cathedral plan - East façade 
 
The procedure followed in order to obtain the results is reported below: 
1) Using the seismic code (Eurocode 8 and NCSE-02), a deterministic and probabilistic scenario it is 
possible to obtain the demand curve; 
2) Select the macro-elements and obtain the capacity curve using the procedure explained previously; 
3) Put the capacity curve and demand curve together in the same graph in ADSR format, in order to 
compare them; 
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4) Find the intersection point (performance point) between the functions defined by the horizontal 
coordinate (demand displacement) and vertical coordinate (spectral acceleration); 
5) Compare the capacity displacement with demand displacement (safety factor); 
6) Apply Lagomarsino hypothesis (Lagomarsino, 2003) in order to estimate the possible level of 
damage that can occur on the building under seismic actions. 
 
The main results for each considered mechanisms will be presented in a table as showing below: 
o du (m) d (m) 
S.F = 
du/d 
Di (level of 
damage) 
0.048 0.306 0.070 4.371 D0 
Table 3.6: Example of main obtained results 
where: 
o is the seismic coefficient for the studied mechanism; 
du is the ultimate displacement of the selected mechanism of the macro-element studied; 
-d is the demand displacement of the macro-element under seismic action considering the selected 
mechanism; 
S.F. is the safety factor obtained by the ratio between the ultimate displacement (du) and demand 
displacement (d); 
Di is the level of damage described in Lagomarsino (2003). 
All the calculations have been put in the ANNEX A of the present dissertation’s work. 
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3.8.1 Results obtained by using of C.S.M. – EC-08 
Mechanism 1:  East façade – upper façade overturning 
In Figure 3.21 the mechanism has been represented considering the overturning of the upper part of 
the east façade, taking into account a rotation point at the base of the upper part considered. 
 
Figure 3.21: Mechanism 1 studied on the east façade 
 
o du (m) d (m) 
S.F = 
du/d 
Di (level of 
damage) 
0.048 0.306 0.070 4.371 D0 
Table 3.7: Main obtained results 
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Mechanism 2:  East façade – lateral upper façade overturning 
In Figure 3.22 the mechanism has been represented considering the overturning of the lateral upper 
part of the east façade, taking into account a rotation point at the base of the upper part considered. 
 
 
Figure 3.22: Mechanism 2 studied on the east façade 
 
o du (m) d (m) 
S.F = 
du/d 
Di (level of 
damage) 
0.176 0.310 0.310 6.889 D0 
Table 3.8: Main obtained results 
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Mechanism 3:  East façade – buttress rotation  
In Figure 3.23 the mechanism has been represented considering the rotation of the lateral buttress of 
the east façade, taking into account a rotation point at the base of the buttress.  
 
Figure 3.23: Mechanism 3 studied on the east façade 
 
o du (m) d (m) 
S.F = 
du/d 
Di (level of 
damage) 
0.204 1.540 0.076 20.263 D0 
Table 3.9: Main obtained results 
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Mechanism 4:  East façade – central upper façade overturning 
In Figure 3.24 the mechanism has been represented considering the overturning of the lateral upper 
part of the east façade, taking into account a rotation point at the base of the upper part considered. 
 
Figure 3.24: Mechanism 4 studied on the east façade 
 
o du (m) d (m) 
S.F = 
du/d 
Di (level of 
damage) 
0.046 0.306 0.070 4.371 D0 
Table 3.10: Main obtained results 
 
The results obtained using the C.S.M. and the European code show a general satisfactory of the 
seismic protection level of the structure. According to this code, the east façade presents no damage 
due to seismic action and strengthening interventions can be avoid. 
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3.8.2 Results obtained by using of C.S.M. – NCSE-02 
Mechanism 1:  East façade – upper façade overturning 
In Figure 3.25 the mechanism has been represented considering the overturning of the upper part of 
the east façade, taking into account a rotation point at the base of the upper part considered. 
 
Figure 3.25: Mechanism 1 studied on the east façade 
 
o du (m) d (m) 
S.F = 
du/d 
Di (level of 
damage) 
0.048 0.306 0.060 5.100 D0 
Table 3.11: Main obtained results 
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Mechanism 2:  East façade – lateral upper façade overturning 
In Figure 3.26 the mechanism has been represented considering the overturning of the lateral upper 
part of the east façade, taking into account a rotation point at the base of the upper part considered. 
 
 
Figure 3.26: Mechanism 2 studied on the east façade 
 
o du (m) d (m) 
S.F = 
du/d 
Di (level of 
damage) 
0.176 0.310 0.310 7.750 D0 
Table 3.12: Main obtained results 
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Mechanism 3:  East façade – buttress rotation  
In Figure 3.27 the mechanism has been represented considering the rotation of the lateral buttress of 
the east façade, taking into account a rotation point at the base of the buttress.  
 
Figure 3.27: Mechanism 3 studied on the east façade 
 
o du (m) d (m) 
S.F = 
du/d 
Di (level of 
damage) 
0.204 1.540 0.075 20.533 D0 
Table 3.13: Main obtained results 
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Mechanism 4:  East façade – central upper façade overturning 
In Figure 3.28 the mechanism has been represented considering the overturning of the lateral upper 
part of the east façade, taking into account a rotation point at the base of the upper part considered. 
 
Figure 3.28: Mechanism 4 studied on the east façade 
 
o du (m) d (m) 
S.F = 
du/d 
Di (level of 
damage) 
0.046 0.306 0.070 4.371 D0 
Table 3.14: Main obtained results 
 
The results obtained using the C.S.M. and the Spanish code show a general satisfactory of the 
seismic protection level of the structure. The results obtained with this code are quite similar to the 
results obtained with the European code. 
 According to this code, the east façade presents no damage due to seismic action and strengthening 
interventions can be avoid. 
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3.8.3 Results obtained by using of C.S.M. – Deterministic scenario 
Mechanism 1:  East façade – upper façade overturning 
In Figure 3.29 the mechanism has been represented considering the overturning of the upper part of 
the east façade, taking into account a rotation point at the base of the upper part considered. 
 
Figure 3.29: Mechanism 1 studied on the east façade 
 
o du (m) d (m) 
S.F = 
du/d 
Di (level of 
damage) 
0.048 0.306 0.120 2.550 D1 
Table 3.15: Main obtained results 
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Mechanism 2:  East façade – lateral upper façade overturning 
In Figure 3.30 the mechanism has been represented considering the overturning of the lateral upper 
part of the east façade, taking into account a rotation point at the base of the upper part considered. 
 
 
Figure 3.30: Mechanism 2 studied on the east façade 
 
o du (m) d (m) 
S.F = 
du/d 
Di (level of 
damage) 
0.176 0.310 0.310 4.429 D0 
Table 3.16: Main obtained results 
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Mechanism 3:  East façade – buttress rotation  
In Figure 3.31 the mechanism has been represented considering the rotation of the lateral buttress of 
the east façade, taking into account a rotation point at the base of the buttress.  
 
Figure 3.31: Mechanism 3 studied on the east façade 
 
o du (m) d (m) 
S.F = 
du/d 
Di (level of 
damage) 
0.204 1.540 0.120 12.833 D0 
Table 3.17: Main obtained results 
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Mechanism 4:  East façade – central upper façade overturning 
In Figure 3.32 the mechanism has been represented considering the overturning of the lateral upper 
part of the east façade, taking into account a rotation point at the base of the upper part considered. 
 
Figure 3.32: Mechanism 4 studied on the east façade 
 
o du (m) d (m) 
S.F = 
du/d 
Di (level of 
damage) 
0.046 0.306 0.120 2.550 D1 
Table 3.18: Main obtained results 
 
The results obtained using the C.S.M. and a deterministic scenario show a general satisfactory of the 
seismic protection level of the structure.  
Because a deterministic scenario has more information of the seismicity where Mallorca cathedral is 
located, the results obtained are higher than those obtained with the codes before mentioned. 
Considering this analysis, there are some mechanisms that reach a maximum level of the damage 
equal to D1 that corresponds to lightly damage when the seismic action is applied on the structure. 
According to this analysis, the east façade doesn’t need strengthening interventions.  
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3.8.4 Results obtained by using of C.S.M. – Probabilistic scenario 
Mechanism 1:  East façade – upper façade overturning 
In Figure 3.33 the mechanism has been represented considering the overturning of the upper part of 
the east façade, taking into account a rotation point at the base of the upper part considered. 
 
Figure 3.33: Mechanism 1 studied on the east façade 
 
 
o du (m) d (m) 
S.F = 
du/d 
Di (level of 
damage) 
 Tr=475 0.048 0.306 0.180 1.700 D2 
 Tr=975 0.048 0.306 0.220 1.391 D3 
Table 3.19: Main obtained results 
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Mechanism 2:  East façade – lateral upper façade overturning 
In Figure 3.34 the mechanism has been represented considering the overturning of the lateral upper 
part of the east façade, taking into account a rotation point at the base of the upper part considered. 
 
 
Figure 3.34: Mechanism 2 studied on the east façade 
 
 
o du (m) d (m) 
S.F = 
du/d 
Di (level of 
damage) 
Tr=475 0.176 0.310 0.310 3.100 D1 
Tr=975 0.176 0.310 0.310 2.067 D2 
Table 3.20: Main obtained results 
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Mechanism 3:  East façade – buttress rotation  
In Figure 3.35 the mechanism has been represented considering the rotation of the lateral buttress of 
the east façade, taking into account a rotation point at the base of the buttress.  
 
Figure 3.35: Mechanism 3 studied on the east façade 
 
 
o du (m) d (m) 
S.F = 
du/d 
Di (level of 
damage) 
Tr=475 0.204 1.540 0.200 7.700 D0 
Tr=975 0.204 1.540 0.240 6.417 D0 
Table 3.21: Main obtained results 
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Mechanism 4:  East façade – central upper façade overturning 
In Figure 3.36 the mechanism has been represented considering the overturning of the lateral upper 
part of the east façade, taking into account a rotation point at the base of the upper part considered. 
 
Figure 3.36: Mechanism 4 studied on the east façade 
 

o du (m) d (m) 
S.F = 
du/d 
Di (level of 
damage) 
Tr=475 0.046 0.306 0.185 1.654 D2 
Tr=975 0.046 0.306 0.220 1.391 D3 
Table 3.22: Main obtained results 
 
The results obtained using the C.S.M. and a probabilistic scenario show that there is a problem on the 
east façade of the structure in which, for the upper part of the façade the level of damage D3 is 
reached.    
The D3 level corresponds to an extensive and severe damage, which must be taken under control 
with a strengthening intervention in order to avoid a possible collapse.  The intervention can change 
the occurred mechanism and increase the safety level under seismic actions. 
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4. STRENGTHENING TECHNIQUES 
4.1 Introduction 
Strengthening involves any action providing additional strength to the structure; it might be needed to 
resist new loading conditions and uses, to comply with a more demanding level of structural safety, or 
to respond to increasing damage associated with continuous or long term processes. 
The set of possible interventions is based on alternative operations involving different mechanical 
devices and repair materials. The purpose of this chapter is to identify and compile strengthening 
solutions used in practice. 
Because there are no general rules in order to decide the adequacy of possible strengthening 
interventions, this report will refer in a general way different solutions with no priority on their suitability 
or acceptability. 
4.2 Classification of strengthening techniques 
The variety of strengthening solutions used in practice can be classified according to different criteria. 
 According to the document Identification of strengthening strategies (2006) a classification of 
strengthening techniques can be organized in three parts. The first one proposes a characterization of 
the interventions, allowing a correlation between essential concepts, techniques and strategies for the 
numerical simulation of techniques. This type of classification may not be very adequate for practical 
purposes. 
Another classification is by structural elements, where the techniques are normally linked to a 
defective design of the structure or to structural modifications carried out during its history in a specific 
type of member. The third classification is related to the description of the repairing and strengthening 
of the structure at global level. 
4.2.1 Basic strengthening actions 
Some basic strengthening actions are listed below: 
- Confinement: is a techniques applied to single elements to impede its deformation and thus 
improving the mechanical properties of masonry. Global confining is related to the whole 
structure, limiting for example the deformations at floor level.  
- Reinforcement: incorporating to the resisting section new material with higher mechanical 
properties well connected thus normally increasing its strength and stiffness. 
- Enlargement: widening of the resisting section with the addition of new material.  
- Material substitution: removal and replacement of damaged parts of a structure. 
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- Structural substitution: creation of new load bearing structure with modern materials, without 
the dismantling of the old one. It is used to maintain the external features of an existing 
building with insufficient capacity. 
- Tying: binding together different elements or different parts of a single element. Steel bars are 
the most diffuse devices.   
- Propping: sustain, support a part of a structure with additional elements. The main distinction 
has to be made between lateral propping (strutting) and vertical propping. 
- Anchoring: fastening an element or a part of a structure to a firmer solid. The most diffuse form 
is anchoring to rock and soil. This intervention is used to improve the stability of a structure 
and to avoid its collapse in case of a seismic event.  
- Cleaning: cleaning the structure, elements or parts of the structure by removing elements, 
materials or biological parasites. 
4.2.2 Structural elements 
Strengthening techniques can be classified into the application to structural elements; these have 
been subdivided in the following groups: 
- Support: these elements support the cover, giving to the structure resistance to vertical and 
lateral forces. Walls and columns are the common support elements. 
- Cover: these elements can be classified into two types: horizontal and curved elements. 
Beams and arches are considered as part of the cover element. Horizontal covers resist loads 
by bending; while curved elements resist loads by axial forces.  
- Foundation: transmits the loads of the structure to the ground.  
4.2.3 Global level 
The seismic capacity can be increased by: 
- Strengthening structural elements 
- Adding structural components 
- Improving the connections between existing structural elements 
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4.3 Strengthening techniques 
In the following pages, the main intervention typologies done on the masonry structure in order to 
improve the seismic behavior will be introduced. 
4.3.1 Injection 
It can be applied in walls presenting a diffuse presence of voids. This technique consists on the 
Injection of mortar or fluid resin through holes previously drilled in the external parameters of the wall, 
sealing possible cracks. This strategy increases the continuity of the masonry and hence its 
mechanical properties, as well as its ductility. A disadvantage is that injection is a fully non-reversible, 
so it should only be carried out using injected materials with proven compatibility with the original 
material. Normally used in stone-masonry structures. 
.  
Figure 4.1: Walls and cracks injections 
4.3.2 External reinforcement 
It can be applied in old and new masonry structures needing earthquake protection and higher 
mechanical properties. This technique consists in the application of high-performance materials (i.e. 
FRP, steel, wood, plastic) on the external parameters of the wall, locally (i.e. strips) or to the whole 
surface of the structure (i.e. grid reinforcement). The connection with the masonry parameter is 
normally obtained with the use of epoxy resins or mortar.  
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The main targets are to increase ductility and obtaining a more resistant structure adding a material 
that can resist tensile stresses. The effectiveness of this procedure depends on its continuity and end 
connections. External reinforcements are normally irreversible which can be a disadvantage, but this 
procedure is non-invasive. 
 
Figure 4.2: Examples of innovative material reinforcement 
 
Figure 4.3: Strengthening intervention of cross vaults 
4.3.3 Stitching 
It is applied usually in masonry elements which needs higher cohesion and mechanical characteristics 
without a visible modification. 
The technique consists on reinforced injections. Holes are drilled in the element and filled with bars 
and mortar, in order to increase the mechanical properties and the ductility of the element. 
Reinforced injections are severely invasive and fully irreversible, causing some deterioration to the 
wall or stone in which the perforations are executed. 
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Figure 4.4: Example of FRP strips use in masonry vaults reinforcement 
4.3.4 Tie bars 
It is applied usually in masonry structures with poor interconnection between intersecting walls, arches 
or vaults suffering damage relate to ductile failure. 
The technique consists on anchor steel bars with plates or other devices to the structure, these bars 
will work in tension improving the seismic response of the structure. 
Tie bars are non-invasive and can be easily removed. Moreover, they are normally very efficient in 
their tying action (as long as their anchorage is maintained in good condition). 
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Figure 4.5: Examples of anchoring of steel ties on intersecting walls 
4.3.5 Anchoring 
It is applied usually in load bearing structures with stability problems, improving the stability of the 
structure by limiting eventual deformations. The strategy consists on anchoring an element, with steel 
bars passing through it, to rock, soil or to a firmer structure. 
 
Lay-out of seismic strengthening of Mallorca cathedral 
 
 
Erasmus Mundus Programme 
ADVANCED MASTERS IN STRUCTURAL ANALYSIS OF MONUMENTS AND HISTORICAL CONSTRUCTIONS 71 
 
Figure 4.6: Example of anchoring of a vault 
4.3.6 Improving connections between intersecting walls 
It is applied in order to strengthen the connection or improving a weak connection between 
perpendicular walls. This can be done with steel ties positioned in the outer side of the walls, covered 
with plaster and protected from corrosion. The ties are anchored at the ends of the walls on steel 
bearing plates. 
This technique provides a very significant improvement of the seismic resistance with only a minor 
alteration on the original structure. 
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Figure 4.7: Distribution of ties to improve the overall seismic response in plan 
 
In the previous paragraphs, an overview of some strengthening techniques has been introduced, but it 
is not possible to state that all the techniques can be applied. 
It is necessary to identify the structural defect on the structures and establish which method is the best 
one for the structure. There is not only one solution because one method can be effective for one 
construction but can lead to a worse structural condition for others. 
The authenticity of the structures has to be taken into account when the strengthening system is 
chosen, avoiding huge interventions. 
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5. DESIGNING OF AN OPTIMAL SOLUTION OF STRENGTHENING 
5.1 Introduction 
A possible solution and the applicability of it to the east façade of Mallorca cathedral is going to be 
analyzed in this chapter.  
The selection of a technique is going to be achieved with a careful investigation of the causes of the 
structural problems and the response of the structure, as it was explained in previous chapters.  
In order to select a possible strengthening solution, it is essential to consider the principles of 
conservation and the modern criteria for the analysis and restoration of historical structures. These 
criteria include the well-know requirements for minimum intervention, reversibility, non-invasiveness, 
durability and compatibility with the original materials and structure. Also it must be known that 
strengthening normally convey a certain loss of cultural value since they normally involve a certain 
alteration of the original materials and structures. 
Because of the reasons reported before, any possible solution must be judged in account of its 
possible cost and benefit in terms of conservation of the cultural values of the construction. 
The intervention has to be done on well known parts of the structure, reducing the number of the 
operations and, principally, avoiding changing of the original stiffness distribution. Also the ornamental 
displays are a very important issue when the interventions have to be chosen, because it cannot 
influence the historical and monumental value of the structure or reduce its artistic merit.  
The choice of the interventions is based on the seismic safety evaluations and a good knowledge of 
the structure. The safety and durability level have to be reached applying minimal operations on the 
historical manufacture. 
5.2 Selection of a solution  
This section is aimed at providing criteria for the selection of an adequate seismic strengthening 
technique.  
The selection of an optimal strengthening technique in order to improve the seismic behavior of 
monuments is mostly related to public safety, preventing unacceptable risks to people, and minimizes 
the possible losses caused by the earthquake. In the case of the monuments, the losses to be 
included are: 
- the cultural loss which might be caused by damage or destruction produced by the earthquake 
and,  
- the loss that the seismic event may cause in the form of injuries to people or casualties, and in 
terms of cultural loss in the movable heritage stored inside the building. 
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The strengthening strategy to be implemented should be oriented to minimize the cost associated with 
both types of losses.  
The effects on monuments (damage) caused by an expectable earthquake should be limited to an 
acceptable amount because of the costs in public safety and cultural heritage. As it was stated in the 
previous chapter, Lagomarsino classified five different levels of damages: 
- D0: no damage 
- D1 lightly damage 
- D2: moderate damage 
- D3: extensive and severe damage 
- D4: completely damage or collapse 
 In order to choose a solution, it has to be taken into account that a level of damage equal to D0 is not 
recommended because of its cost. Some damages, including deformations and cracks, are accepted.  
In general, the damage should be repairable using traditional or historical techniques for repair or 
maintenance. The cost of loss in immovable cultural value caused by the damage due to earthquake 
must be smaller that the corresponding cost caused by a more heavy and invasive strengthening 
designed to prevent this damage. 
The solution must respect the structural authenticity of the monument, because it provides an 
immediate and tangible experience on past construction technologies. Also interventions causing a 
reduced impact on the original structure are preferred, providing the required safety level. The 
strengthening mechanical devices must be durable, otherwise, the decay of the material can, in turn, 
convey damage to the original parts. The strengthening technique must be non-obtrusive, by means, it 
has not been noticeable and also it must be possible to dismantle them without leaving any lasting 
alteration or deterioration to the original material and structure. Finally, it must be possible to control 
the intervention during its execution by monitoring the structure. 
A possible solution that can be done, in order to improve the seismic behavior of the east façade of 
Mallorca cathedral, can be strengthening the façade with tie rods. This solution accomplish with the 
selection criteria mentioned in the previous paragraphs, for example it is a non-obtrusive technique. In 
order to cause a reduced impact on the structure, the design of the intervention will allow a moderate 
damage on the façade for an earthquake with a return period (Tr) of 975 years. Because Mallorca 
cathedral is situated in humid area, it is very important to avoid corrosion of the reinforcement which 
leads to expansion of masonry and future cracks of the wall. The benefit of this strengthening is that it 
will reduce the damage due to the expected earthquake and it will reduce the injuries of people who 
visit the cathedral if an earthquake starts. The cost of this technique is that it is an intrusive one, but 
removable. 
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5.3 Calculation of the tension on the tie rods 
The tension stresses on the tie-rods are calculated even in this case with the rotation equilibrium, 
around the hinge O (in order to determinate T) as shown in Figure 5.1.  
 
(a) 
 
 
 
(b) 
 
Figure 5.1: Localization of the tie rods (a). Mechanism consider with tie rods (b). 
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To have an estimation of the total force at which each tie rod will be subjected, the following procedure 
has been taken into account: 
Ms = Wb1 + Fb1 + Qb2 + 2TY 
MR = oWZ + oNH 
Where: 
Geometric characteristics (m) 
 
Forces (KN) 
b1 0.77 b2 1.53 
 
  
 
W 12315.99 
Z 8.90 H 18.81 Y 13.54 
 
F 48159.28 
       
Q 11.03 
       
N 48181.34 
 
Table 5.1: Geometric characteristics values and forces applied on the new mechanism. 
After replacing the values from table 5.1 and applying equilibrium on the system (Ms = MR) the 
following expression has been obtained: 
T = 37514.89o – 1709.03  [KN]           (Eq. 5.1) 
As it has been stated in the previous chapter, according to Lagomarsino’s damage classification, the 
damage level obtained for a probabilistic scenario with a return period (Tr) of 975 years is D3 which 
means that the east façade is going to have severe damage due to seismic action for the mechanism 
4 (overturning of upper part of the façade). 
In order to reduce the level of damage to D2 (moderate damage), a new value of o has been 
obtained with new parameters from the capacity curve (Table 5.2). 
 
o du (m) d (m) 
S.F = 
du/d 
Di (level of 
damage) 
Prob. 
Tr=975 0.053 0.358 0.220 1.63 D2 
Table 5.2: Results obtained from capacity curve considering tie rods. 
Replacing o in equation 5.1, the value obtained for T is equal to 279.26 KN. 
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5.4 Strengthening design  
The strengthening procedure, as it was stated before, consists in two pairs of tie roads, one for each 
side of the east façade in order to prevent its overturning due to horizontal forces (the design drawings 
are reported in Annex B). In the following paragraphs the design of the tie rods will be discussed. 
The material parameters considered in this report are the same as considered by Martinez, 2008.  For 
walls the Young’s modulus value is 3816 MPa, with a compressive strength of 2 MPa and a tensile 
strength (ft) equal to 0.1 MPa (5% of compressive strength).   
In order to determine the maximum tensile stress tolerated by the masonry wall, it was assumed a 
circular stainless tie plate (design drawings in Annex B) with the following parameters: 
Circular radio: r1 = 0.05 m 
Bigger radio of the cone: R = 0.125 m 
Thickness of the wall: s = 1.53 m 
The maximum tensile force tolerated by the masonry will be the minimum between the following 
tensions: 
- Cohesion of masonry:  
 
T1 = 3917.42 KN 
- Tearing 
 
T2 = 1081.37 KN 
- Punching/friction: 
  
Where friction (f) is equal to 0.4. T3 = 1261.26 KN 
The maximum tension tolerated by the masonry is equal to 1261.26 KN, which is less than the tension 
for each tie (279 KN). 
The steel used for the strengthening is a stainless steel (AISI 316). This choice is mainly due to the 
fact that Mallorca cathedral is situated near the sea, in a corrosive environment.  
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Considering yield strength for the stainless steel of 415 MPa the dimension of the tie rod can be 
evaluated: 
Tension in the tie rod (T) = 279 KN 
 Tn = T , with  = 0.7 (From Eurocode 6)                     Tn = 398.57 KN 
Steel area (A) = Tn/fy = 9.60 cm2 
The previous area can be satisfied with two bars with a diameter equal to 25.4mm (5.06cm2) spaced 
400mm. The safety factor can be determined by evaluating the ratio of the effective tensile stress in 
the ties and its design yielding value: 
ft = 279/2/5.06 = 275.70 MPa    <    415 MPa 
with a corresponding safety factor of 1.53. 
As the length for the ties will be of approximate 31 m, due to structural reasons of ease of formal 
construction to be correctly implemented, the rods will be formed by several pieces, appropriately 
linked with turnbuckle. These unions may be also implemented to able to tighten the rods, if 
necessary. An example is shown in Figure 5.2. 
 
 
 
Figure 5.2: Example of turnbuckle 
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The position of the tie rods will be so that they will be hidden from the outside view (Figure 5.3). 
   
 
Figure 5.3: Longitudinal view from the south - Hidden position of the tie rods (red lines). 
 
The solution with stainless steel plates proposed perfectly integrates with past interventions in most 
traditional stone or brick construction. Furthermore, the installation of the tie rods in the proposed 
position should allow the instauration of less dangerous kinematic mechanism such the ones 
proposed in Figure 5.4 (Lagomarsino, 1997) which are less likely to occur. 
 
Figure 5.4: Possible mechanism after the position of the tie rods 
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5.5 Specification for the application of tie rods  
The following paragraphs will describe the considerations that have to be taken before and during the 
implementation of the intervention. 
The intervention includes all of the following works:  
- Supply and application of the scaffolding systems, if needed; 
- Positioning and installation of the drilling system; 
- Execution of φ 60 mm holes as specified in the drawings (Annex B) 
- Installation of the tie rods in pieces of equal length connected to each other by turnbuckles; 
- Filling both ends of the hole; 
- Positioning and installation of the anchorage system (stainless steel plates); 
 
The assembly, maintenance and dismantling of all the scaffoldings, walkways and protections is 
necessary. 
 
The materials to be applied are stainless steel tie rods φ 25.4mm type AISI 316 and non retractable 
mortar type EPAM ANTIQUE. 
This intervention has to be executed by people with the necessary aptitude, acquired across of the 
experience in work or appropriate education. Also all the works will have to be executed in accordance 
with appropriate conditions of hygiene and security, collective and individual, namely concerning  in 
the use of helmets, gloves, glasses, protection boots, ventilation and protection in scaffoldings and 
walkways. 
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6. CONCLUSIONS 
The capacity spectrum method (C.S.M.) has been applied in the present thesis, in order to have a 
better understanding of the seismic behavior of the east façade of Mallorca cathedral. With the use of 
this method it is possible to obtain results as well as the results obtained using a more complex 
modeling, but reducing significantly the time necessary to elaborate it. 
Therefore, the safety factor and the level of damages on the structures have been studied. The safety 
factor gives information about the comparison between the capacity of the structure under a particular 
load pattern and the seismic action demand. If the safety factor is more than one, then it is possible to 
state that the structure is safe. The classification of the level of damages proposed by Lagomarsino 
(2003) is another parameter which is related to the safety factor, because low safety factors leads to a 
high level of damage and vice versa. 
The east façade of Mallorca cathedral has been studied for four different collapse mechanisms, taking 
into account two seismic design codes (EC8 and NCSE-02) and deterministic and probabilistic 
scenarios. 
These seismic demands, studied with previous mentioned design codes and scenarios, are different 
as it is possible to see from figure 5.1 (already introduced in the chapter 4). 
 
Figure 5.1: Comparison between the ADSR graphs using the EC8, NCSE-02, deterministic and 
probabilistic scenarios 
 
Comparing the five graphics, it is possible to see that the spectrum obtained with a probabilistic 
scenario with a return period (Tr) of 975 has the higher demand on the structure, with the lowest 
safety factors. This was expected because the probabilistic scenario has more data in order to obtain 
the demand spectrum on the site where Mallorca cathedral is located.  
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Between EC-8 and NCSE-02 it is possible to state that the European code is more conservative than 
the Spanish code, having higher spectral accelerations and obtaining lower values of safety factors. 
After this comparison, it can be state that conventional codes, mostly oriented to modern structures, 
may not be adequate for the study of ancient structures and may lead to inaccurate results. Instead, a 
better approach to be used is taking into account possible evidence coming from history, the 
inspection of the structure in its present condition, monitoring and structural analysis. The results 
obtained from this approach may contribute to a better understanding of the real condition of the 
structure and its real needs for seismic upgrading. 
A summary of the main results are shown in the Table 5.1. 
Mechan
ism 
Typolo
gy 
EC8 NCSE-02 
Determinis
tic 
scenario 
Probabilistic scenario 
Tr = 475 Tr = 975 
S.F 
Dam
age 
level 
S.F 
Dam
age 
level 
S.F 
Dam
age 
level 
S.F 
Da
mag
e  
S.F 
Da
ma
ge  
1 
upper 
facade 
overturn
ing 
4.4 D0 5.1 D0 2.6 D1 1.7 D2 1.39 D3 
2 
lateral 
upper 
facade 
overturn
ing 
6.9 D0 7.8 D0 4.4 D0 3.1 D1 2.07 D2 
3 
buttress 
rotation 
20 D0 20 D0 13 D0 7.7 D0 6.42 D0 
4 
central 
upper 
facade 
overturn
ing 
4.4 D0 4.7 D0 2.6 D1 1.7 D2 1.39 D3 
Table 5.1: Obtained results for Mallorca cathedral – east facade 
 
It can be seen from Table 5.1 that according to EC-8, NCSE-02 and a deterministic scenario, the 
safety levels of the cathedral are acceptable because they are always more than 1.5. Only for the two 
probabilistic scenarios the safety values are less than 1.5, with a severe level of damage (D3). 
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This damage will occur in the upper part of the east façade for the mechanism 1 or 4. Even if the 
collapse does not occur, strengthening must be considered in order to avoid this level of damage 
during an earthquake. 
The seismic improvement of historical structures is a complex issue because any action oriented to 
improve the seismic response of the structure will cause an alteration to the structure, to its materials 
and original strength mechanisms, and some initial cultural losses. 
The solution intended to improve the seismic response of the structure must be carefully analyzed for 
an adequate balance between cost and benefit, where the cost will be possible losses caused by the 
implementation of the solution and the benefit will be the gain of seismic strength. 
The selection of a strengthening technique must take into account the state of conservation of the 
structures and the costs to realize a proper strengthening system. The authenticity of the structure has 
to be taken into account, avoiding huge interventions on the structure. 
A possible solution that can be done is strengthening the façade with tie rods. This solution 
accomplish with the criteria mentioned in the previous paragraphs, for example it is a non-obtrusive 
technique. In order to cause a reduced impact on the structure, the design of the intervention will allow 
a moderate damage on the façade for an earthquake with a return period (Tr) of 975 years. Because 
Mallorca cathedral is situated in humid area, it is very important to avoid corrosion of the reinforcement 
which leads to expansion of masonry and future cracks of the wall.  
The benefit of this strengthening is that it will reduce the damage due to the expected earthquake and 
it will reduce the injuries of people who visit the cathedral if an earthquake starts. The cost of this 
technique is that it is an intrusive one, but removable. 
The proposed method has to be checked carrying out experimental campaigns in order to be aware 
about its structural usefulness. 
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ANNEX A 
CALCULATIONS DESCRIPTIONS 
The main point of C.S.M is to compare the demand curve with the capacity curve and for that reason it 
is possible to start from the study of those graphics. 
Mallorca cathedral is located in Catalonia, with a soil type B based on the classification used in the 
EuroCode 8.  
 
 
S  K1 K2 TB TC TD 
ag = 
a*g 
B 1 2.5 1 2 0.15 0.6 3 0.5886 1 
 
Table A-1: value introduced by the EC-08 in order to draw the response spectrum graph. 
 
Using the parameters located in the table above, the elastic response spectrum can be obtained 
(Figure A-1) 
 
 
Figure A-1: Elastic response spectrum for soil type B. 
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It is required to relate the spectral acceleration to the spectral displacement using the following 
formulation: 









2
2
4
T
SS ad  
 
 In order to obtain the Acceleration Displacement Response Spectrum (ADRS) shown in Figure A-2. 
 
Figure A-2: ADSR for soil B 
 
The same procedure was used in order to determine the demand spectrum considering the Spanish 
code. The demand spectrums for deterministic a probabilistic scenarios was obtained from Martinez 
PhD thesis (2008). 
After evaluating the ADSR graph, it is necessary to compute the capacity curve related to the selected 
macro-element for a given mechanism. 
As an example, all the calculations of the east façade subjected to out of plane mechanism 
(mechanism 4) will be described. 
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Figure A-3: Central upper façade overturning 
 
The following table will summarize the geometrical, mechanical properties of the façade and forces 
applied on it, considering only the upper part of the façade.   
 
Geometrical and mechanical 
properties 
 
Force (KN) 
distance 
(m) 
 
Force (KN) 
distance 
(m) 
 
W 12315.99 b1 0.765 
 
W 12315.99 h1 8.9 
thickness 1.53 m 
 
F 48159.28 b2 0.765 
 
Q 48181.34 H 18.81 
height 18.81 m 
 
P 11.03 b3 1.53 
       
 
  
          volume 456.15 m3 
          density 27 KN/m3 
            
 
  
          weight W 12315.99 KN 
          Table A-2: Geometrical, mechanical properties of the selected macro-element and forces applied. 
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From the equivalence between the stabilizing and destabilizing moment, it is possible to reach the 
seismic coefficient value for the studied mechanism: 
 
Ms = MR 
 
Ms = W*b1 + F*b2 + P*b3 
 
MR= o*(W*h1 + Q*H) 
 
o = 0.046 
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The multiplier coefficient (o) gives information of the first step of the motion. It is possible to find the 
formulation that allows knowing the reference point displacement value obtained when the multiplier 
o is equal to zero. 
The reference point was chose on the top of the sub structure as shown in the following picture: 
 
Figure A-4: Mechanism of the east façade 
 
W*b1 + F*b2 + P*b3 = W*x1 + Q*x 
x = dko = 0.765 
 
Using the following formulation is possible to obtain the total capacity curve, in which the multiplier 
coefficient is located on the vertical axis and the displacements are situated on the horizontal axis: 
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Figure A-5: Capacity curve of the mechanism 
 
In order to get possible comparison between the structural capacity and the seismic actions demand, 
the above graph has to be modified to obtain the spectral accelerations and the spectral displacement 
on the vertical and horizontal axis, respectively (As it was explained in chapter 3). 
 
The spectral capacity curve obtained is the following: 
 
 
Figure A-6: Spectral capacity curve of the mechanism 
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The values obtained are shown in the following table: 
d*u  (m) d*s (m) a*s (g) 
0.306 0.122 0.038 
Table A-3: Values used in order to obtain the elastic branch of the capacity curve 
 
 
Figure A-7: Spectral capacity curve of the mechanism with the elastic branch. 
 
 
 
 
 
 
 
 
 
 
 
 
Lay-out of seismic strengthening of Mallorca cathedral – Annex A 
 
 
Erasmus Mundus Programme 
8 – Annex A   ADVANCED MASTERS IN STRUCTURAL ANALYSIS OF MONUMENTS AND HISTORICAL CONSTRUCTIONS 
The last step consists of putting in the same graph the demands curves and the spectral capacity 
curve, as shown in the following picture: 
 
 
Figure A-8: Comparison between the capacity curve and demands curve 
 
In the following table the demand displacement, the ultimate displacement and the safety factor are 
reported. The safety factor has been obtained by the ratio between the displacements before 
mentioned. A safety factor more than unit value allows stating the safety of the structures under 
seismic load condition, whiling safety factor less than the unit value establishes a dangerous situation 
for the building object of study. 
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Demand 
spectrum d (m) d*u (m)   
S.F = 
d*y/d 
NCSE-02 0.070 0.309 Stable 4.415 
EC-08 0.070 0.309 Stable 4.415 
Deterministic 0.120 0.309 Stable 2.575 
Prob. 
Tr=475 0.170 0.309 Stable 1.818 
Prob. 
Tr=975 0.220 0.309 Stable 1.405 
Table A-4: displacements values and safety coefficient 
 
The level of the damages that can occur on the macro-element considering seismic actions acting on 
the structure can be evaluated according to Lagomarsino’s hypothesis, as in the following shown: 
 
 
Sd 
(m) 
d*s 
(m) 
d*o 
(m) 0.7d*s 0.25d*o 0.5d*o D0 D1 D2 D3 
NCSE-02 
0.07 0.124 0.773 0.087 0.193 0.386 
no 
damage       
EC-08 
0.07 0.124 0.773 0.087 0.193 0.386 
no 
damage       
Deterministic 
0.12 0.124 0.773 0.087 0.193 0.386   
lightly 
damage     
Prob. 
Tr=475 0.17 0.124 0.773 0.087 0.193 0.386     
moderate 
damage   
Prob. 
Tr=975 
0.22 0.124 0.773 0.087 0.193 0.386       
extensive 
and 
severe 
damage 
Table A-5: Level of damage in according to Lagomarsino’s hypothesis. 
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The same procedure was used for the other mechanisms. 
 
Mechanism 1:  East façade – upper façade overturning 
 
Figure A-9: upper façade overturning 
 
Geometrical and mechanical 
properties 
 
Force (KN) 
distance 
(m) 
 
Force (KN) 
distance 
(m) 
 
W 17357.24 b1 0.765 
 
W 17357.24 h1 8.9 
thickness 1.53 m 
 
F 48159.28 b2 0.765 
 
Q 48181.34 H 18.81 
height 18.81 m 
 
P 11.03 b3 1.53 
       
 
  
          volume 642.86 m3 
          density 27 KN/m3 
            
 
  
          weight W 17357.24 KN 
           
Table A-6: Geometrical, mechanical properties of the selected macro-element and forces applied. 
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Ms = MR 
o = 0.048 
 
 
Figure A-10: Spectral capacity curve of the mechanism. 
 
 
Figure A-11: Comparison between the capacity curve and demands curve 
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Demand 
spectrum d (m) d*u (m) 
 
S.F = d*u/d 
NCSE-02 0.060 0.306 Stable 5.100 
EC-08 0.070 0.306 Stable 4.371 
Deterministic 0.120 0.306 Stable 2.550 
Prob. 
Tr=475 0.180 0.306 Stable 1.700 
Prob. 
Tr=975 0.220 0.306 Stable 1.391 
Table A-7: displacements values and safety coefficient 
 
 
Sd 
(m) 
d*s 
(m) 
d*o 
(m) 0.7d*s 0.25d*o 0.5d*o D0 D1 D2 D3 
NCSE-02 
0.060 0.122 0.765 0.086 0.191 0.383 
no 
damage 
      
EC-08 
0.070 0.122 0.765 0.086 0.191 0.383 
no 
damage 
      
Deterministic 
0.120 0.122 0.765 0.086 0.191 0.383 
  
lightly 
damage 
    
Prob. 
Tr=475 0.180 0.122 0.765 0.086 0.191 0.383 
    
moderate 
damage 
  
Prob. 
Tr=975 
0.220 0.122 0.765 0.086 0.191 0.383 
      
extensive 
and 
severe 
damage 
Table A-8: Level of damage in according to Lagomarsino’s hypothesis. 
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Mechanism 2:  East façade – lateral upper façade overturning 
 
Figure A-12: lateral upper façade overturning 
 
Geometrical and mechanical 
properties 
 
Force (KN) 
distance 
(m) 
 
Force (KN) 
distance 
(m) 
 
W 2521.02 b1 0.775 
 
W 2521.02 h1 4.41 
thickness 1.55 m 
          height 8.82 m 
            
 
  
          volume 93.37 m3 
          density 27 KN/m3 
            
 
  
          weight W 2521.07 KN 
          Table A-9: Geometrical, mechanical properties of the selected macro-element and forces applied. 
 
Ms = MR 
o = 0.176 
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Figure A-13: Spectral capacity curve of the mechanism. 
 
 
Figure A-14: Comparison between the capacity curve and demands curve 
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Demand 
spectrum d (m) d*u (m)   
S.F = 
d*y/d 
NCSE-02 0.040 0.310 Stable 7.750 
EC-08 0.045 0.310 Stable 6.889 
Deterministic 0.070 0.310 Stable 4.429 
Prob. 
Tr=475 0.100 0.310 Stable 3.100 
Prob. 
Tr=975 0.150 0.310 Stable 2.067 
Table A-10: displacements values and safety coefficient 
 
 
Sd 
(m) 
d*s 
(m) 
d*o 
(m) 0.7d*s 0.25d*o 0.5d*o D0 D1 D2 
NCSE-02 
0.04 0.12 0.78 0.087 0.194 0.388 
no 
dama
ge   
  
EC-08 
0.05 0.12 0.78 0.087 0.194 0.388 
no 
dama
ge   
  
Determinist
ic 
0.07 0.12 0.78 0.087 0.194 0.388 
no 
dama
ge   
  
Prob. 
Tr=475 
0.10 0.12 0.78 0.087 0.194 0.388   
lightly 
dama
ge 
  
Prob. 
Tr=975 0.15 0.12 0.78 0.087 0.194 0.388     
moderate 
damage 
Table A-11: Level of damage in according to Lagomarsino’s hypothesis. 
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Mechanism 3:  East façade – buttress rotation  
 
 
Figure A-15: buttress rotation 
 
 
Geometrical and mechanical 
properties 
 
Force (KN) 
distance 
(m) 
 
Force (KN) 
distance 
(m) 
 
W 11979 b1 3.85 
 
W 11979 h1 18.83 
thickness 7.70 m 
          height 37.66 m 
            
 
  
          volume 443.67 m3 
          density 27 KN/m3 
            
 
  
          weight W 11979 KN 
          Table A-12: Geometrical, mechanical properties of the selected macro-element and forces applied. 
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Ms = MR 
o = 0.204 
 
 
Figure A-16: Spectral capacity curve of the mechanism. 
 
 
Figure A-17: Comparison between the capacity curve and demands curve 
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Demand 
spectrum d (m) d*u (m)   
S.F = 
d*y/d 
NCSE-02 0.075 1.540 Stable 20.533 
EC-08 0.076 1.540 Stable 20.263 
Deterministic 0.120 1.540 Stable 12.833 
Prob. 
Tr=475 0.200 1.540 Stable 7.700 
Prob. 
Tr=975 0.240 1.540 Stable 6.417 
Table A-13: displacements values and safety coefficient 
 
 
Sd 
(m) 
d*s 
(m) 
d*o 
(m) 0.7d*s 0.25d*o 0.5d*o D0 
NCSE-02 
0.075 0.616 3.850 0.431 0.963 1.925 
no 
damage 
EC-08 
0.076 0.616 3.850 0.431 0.963 1.925 
no 
damage 
Deterministic 
0.120 0.616 3.850 0.431 0.963 1.925 
no 
damage 
Prob. 
Tr=475 0.200 0.616 3.850 0.431 0.963 1.925 
no 
damage 
Prob. 
Tr=975 0.240 0.616 3.850 0.431 0.963 1.925 
no 
damage 
Table A-14: Level of damage in according to Lagomarsino’s hypothesis. 



